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Abstract: The identification of crucial targets for hair regrowth in androgenetic alopecia (AGA)
involves determining important characteristics and different stages during the process of hair
follicle regeneration. Traditional methods for assessing key features and different stages of
hair follicle primarily involve taking skin tissue samples and determining them through various
staining or other methods. However, non-invasive assessment methods have been long sought.
Therefore, in this study, endogenous fluorescence signals from skin keratin and second harmonic
signals from skin collagen fibers were utilized as probes, two-photon excited fluorescence (TPEF)
and second harmonic generation (SHG) imaging techniques were employed to non-invasively
assess hair shafts and collagen fibers in AGA mice in vivo. The TPEF imaging technique revealed
that the alternation of new and old hair shafts and the different stages of the growth period in
AGA mice were delayed. In addition, SHG imaging found testosterone reduced hair follicle area
and miniaturized hair follicles. The non-invasive TPEF and SHG imaging techniques provided
important methodologies for determining significant characteristics and different stages of the
growth cycle in AGA mice, which will facilitate future non-invasive assessments on human scalps
in vivo and reduce the use of animal testing.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Alopecia is an affliction commonly encountered in clinical practice [1], with numerous types
such as androgenetic alopecia (AGA), telogen effluvium, alopecia areata, and traction alopecia
[2]. AGA is prevalent among both genders and affects about 85% of men and 40% of women
[3.4]. AGA is a kind of alopecia that is mediated by dihydrotestosterone [5], is characterized by a
progressive miniaturization of hair follicles, a shortened anagen phase, a prolonged telogen phase,
and reduced hair density on the scalp. Alopecia can significantly lower patients’ self-esteem and
confidence, causing psychological distress [6]. The hair growth cycle consists of three distinct
stages: the anagen phase, the catagen phase, and the telogen phase [7—-10]. Each stage has unique
structural features: the anagen phase is the stage of hair regeneration, the catagen phase is the
stage of regression characterized by cell apoptosis, and the telogen phase is the relatively inactive
phase of the follicle [11,12]. Since determining characteristics during hair follicle regeneration
and identifying different stages of the hair growth cycle are vital for promoting hair regrowth and
evaluating treatment efficacy, detection methods have become the focus of attention. However,
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traditional methods to assess important characteristics and different stages of the hair growth
cycle primarily involve sacrificing animals to obtain samples or performing scalp biopsies in
humans and detecting them through various staining methods [13,14]. These methods result
in animal waste and are not feasible for assessing hair regrowth in humans. Thus, developing
non-invasive methods is urgently required for determining important characteristics and different
stages of the hair growth cycle in vivo.

Few non-invasive methods exist for detecting and evaluating hair regrowth in vivo. While
some studies assessed hair regrowth by measuring the length and growth rate of newly grown hair
[15], others observed the morphology and pathological changes of plucked hair follicles to avoid
the use of histological sections [16]. However, these methods do not provide crucial targets for
determining the different stages of hair regeneration. Two-photon excited fluorescence (TPEF) and
second harmonic generation (SHG) imaging techniques can visualize endogenous fluorophores
and nonlinear optical imaging substances in skin tissue without requiring any fluorescent labels.
The TPEF imaging principle involves the simultaneous excitation of ground-state electrons by
two photons, transitioning from the excited state to the metastable state, and then returning to the
ground state. The energy transition then emits fluorescence photons from the metastable state
to the ground state. SHG imaging is a nonlinear optical process wherein two photons of the
same frequency interact with a non-centrosymmetric substance, causing the molecules within
the substance to undergo second-order nonlinear polarization due to intense laser light. This
polarization results in the emission of coherent light of doubled frequency. TPEF and SHG
imaging provide new techniques and evaluation methods for non-invasive visual research of skin
tissue in vivo.

The skin is recognized to contain numerous endogenous fluorophores and second harmonic
generation (SHG) signals generated by collagen fibers that are non-centrosymmetric in nature.
Endogenous fluorophores that are present in the skin include keratin, melanin, nicotinamide
adenine dinucleotide (NAD(P)H), flavin adenine dinucleotide (FAD) and other molecules. These
fluorophores and collagen fibers possess specific excitation and emission wavelengths (Table 1),
making them effective targets for non-invasive imaging techniques. Based on various studies
[17-19], the hair keratin-associated protein, as the major structural component of hair fibers, is
one potential target that can be utilized for identifying changes in hair shafts. In conclusion,
TPEF and SHG imaging have been used to observe fluorophores and collagen fibers. However,
the assessment of different growth phases and important characteristics for hair regrowth have not
been reported based on hair shafts observed by keratin using TPEF imaging. In addition, there
are fewer studies on predicting the size and duration of enlarged hair follicles using fluorescent
signals from collagen by SHG imaging. In this study, we used TPEF and SHG imaging to observe
important features and different stages in the process of hair follicle regeneration based on keratin
and collagen.

Table 1. Excitation and emission wavelength of skin endogenous fluorophores and collagen.

Fluorophores Location Aex (nm) Aem (nm) Ref.

Keratin Epidermis, dermis 760, 750 475 [20,21]
Melanin Epidermis 730/780/830, 800 550, 620 [22,23]
NAD(P)H Epidermis, dermis 750, 720 450, 460/60 [24,25]
FAD Epidermis, dermis 850, 900 552/57, 525 [25,26]
Elastin Dermis, subcutis 780/830, 800 475 [22,27]
Collagen Dermis, subcutis 950, 830 1/2 laser wavelength [22,28]

TPEF and SHG imaging techniques have gained widespread applications in various fields such
as wound healing [29,30], transdermal processes [31,32], and identifying skin cancers [33,34].
Previous studies used transgenic mouse that marked the epithelial nuclei of skin by expressing a
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fusion protein of histone H2B with green fluorescent protein driven by the keratin 14 promoter
(K14H2BGFP) [35,36], TPEF imaging detected hair follicle by marking the epithelial nuclei. To
investigate neogenic hair follicle formation, epidermal stem cells (Epi-SCs) derived from neonatal
C57BL/6 mice were labelled with tdTomato, and skin-derived precursors (SKPs) were isolated
from neonatal C57BL/6/GFP mice, and reconstituting function of hair follicles from Epi-SCs
and SKPs was tracked using TPEF imaging [37]. TRITC-conjugated dextran/FITC-conjugated
dextran was injected into the tail vein to evaluate blood vessel leakage using TPEF imaging [38].
We found that TPEF imaging of hair regrowth relied largely on transgenic animal models and
exogenous fluorescence labeling, which make such methods complex and costly, and impractical
for widespread use. To overcome these limitations, a novel approach is proposed in this study,
whereby the endogenous fluorescence signals of keratin and the unique optical characteristics
of collagen fibers were harnessed as natural probes. This enabled direct and non-invasive
investigations of changes occurring in the hair shafts and hair follicles during the complete
growth cycle in AGA mice using TPEF and SHG imaging techniques. Additionally, traditional
methods were employed for validation purposes. The results of this study indicate that by utilizing
endogenous fluorescence signals and collagen fibers as natural probes, an effective approach for
the non-invasive evaluation of important characteristics of hair regeneration and different stages
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Fig. 1. The pathological changes during the different stages of the growth cycle using TPEF
and SHG imaging. (a) Schematic diagram of TPEF and SHG imaging on hair regeneration.
(b) Different depths imaging of keratin fluorescence signals from hair shafts using TPEF
imaging. (c) In anagen, fluorescence signals of hair shafts at different depths reveal changes
of new and old hair shafts. (d) Changes of the hair shaft during the anagen-catagen phase
using TPEF imaging. (e) Changes of the hair shaft during the catagen-telogen phase using
TPEF imaging. (f) Change of hair follicle size during the growth cycle.
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of the growth cycle is achieved, the experimental process are illustrated in Fig. 1. Consequently,
this research has the potential to significantly impact the field of hair biology, reduce the reliance
on experimental animals, and pave the way for future non-invasive assessments of human scalps.

2. Materials and methods
2.1. Animal preparation

All animal experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Experimental Research Center, China Academy of Chinese Medicine Science
(protocol code ERCCACMS11-2210-03). A total of 66 male C57BL/6 mice, with a weight range
of 20 +2 g, were procured from Beijing Vital River Laboratory Animal Technology (Beijing,
China). These mice were then allocated randomly into two groups, namely the control (CON)
group and the testosterone (TES) group (Standard, Shanghai, China). Devoid of hair, the back of
each mouse was shaved using depilatory cream. A day after depilation, the TES group received
topical application of testosterone at a concentration of 1 mg/mL, employing a dosage of 0.15
mL per application. In contrast, the CON group received solvent instead. For a period of 26 days,
this treatment was administered once per day.

2.2. TPEF imaging

For non-invasive imaging, a two-photon excited fluorescence microscopy system (FV1000,
Olympus, Japan) was employed. The TPEF Imaging system was equipped with a water-
immersion objective lens (PLAN 25X OB. W IMM, NA 1.05, Olympus) and a Ti:sapphire laser
oscillator (wavelength: 690-1040 nm; repetition rate: 80 MHz, pulse width: 100 fs; MaiTai HP
DS-OL, Spectra-Physics, Inc. CA). Before imaging, the mice were anesthetized using isoflurane
and were securely fixed onto the TPEF microscopy object stage. To minimize the effects of
breathing movements, the skin was carefully stabilized using a holder throughout the imaging
process. TPEF imaging technology was utilized to detect the signal emanating from the hair
shafts, employing an excitation wavelength of 750 nm [21]. The emitted fluorescence signal was
captured, covering the wavelength range of 420 to 460 nm, from the upper surface of the dermis.
Imaging sessions were conducted once every two days, with data acquisition performed at regular
intervals from day 2 to day 26. Each image set consisted of TPEF image stacks with a depth of
60 um and 30 sections, acquired at a resolution of 1024 x 1024 pixels, a step size of 2 um, and a
scanning speed of 4 us/pixel. Overall time of each image set was 120 s, the lateral and axial
resolution was 0.9 um x 1.8 um, the images size was 510 um x510 pm.

2.3. SHG imaging

Collagen fibers, which generated second harmonic signals, were detected by two-photon
microscopy, utilizing an excitation wavelength of 950 nm and an emission filter of 475/20 nm
[28]. This particular setup permitted the visualization of dynamic collagen fibers surrounding
the hair follicles. The imaging process achieved a scanning depth of 45 um and 22 sections, with
the images captured at a resolution of 1024 x 1024 pixels, a step size of 2 um, and a scanning
speed of 4 us/pixel, overall time of each image set was 90 s, lateral and axial resolution was
1 pm x 2 pm, the images size was 510 um x510 um. The utilization of these optimized imaging
parameters enabled the acquisition of high-quality images, facilitating accurate assessment and
quantification.

2.4. Hematoxylin and eosin staining

From day 2 to day 26, skin tissues were collected once every two days from the CON and TES
groups. The skin tissues were then fixed, paraffin-embedded, and sectioned into 6 pm-thick slices
using a microtome (Thermo Fisher Scientific, Waltham, MA, USA). Hematoxylin and Eosin
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(H&E) staining was used to stain the skin slices, which were subsequently observed employing
an inverted microscope (Olympus BX51, Tokyo, Japan).

2.5. Liquid crystal polarized imaging

Skin tissues collected from both the CON and TES groups were fixed for 24 hours in 4%
paraformaldehyde, embedded, and sectioned into 6 pm-thick slices. Post-dewaxing, the collagen
fibers were observed and analyzed via liquid crystal polarizing imaging (CRi Abrio, America).

2.6. Statistical analyses

For data analysis, a t-test was conducted using SPSS v26.0 (IBM, Armonk, NY, USA). All data
were then expressed as mean + standard deviation (SD). Graphs were created employing Prism
v8.0 (GraphPad, La Jolla, CA, USA). A significance level of P<0.05 was utilized to establish
statistical significance.

3. Results

3.1. Investigation of hair regeneration and changes occurring at different stages during
the growth cycle in AGA mice

AGA mice provide an important animal model for studying hair regeneration [39-41]. However,
research on the pathological changes occurring throughout the entire growth cycle of AGA mice
is limited. To observe the changes throughout this entire growth cycle, we selected the telogen
phase at 7 8 weeks for the experiment (Fig. 2(a)). Considering that depilation-induced anagen
is fully synchronized [14], hair was depilated before the experiment. Hair growth on shaved
C57BL/6 mice was monitored every two days from day 2 to 26, as shown in Fig. 2(b).

To non-invasively detect changes during different stages and to capture vital features of hair
follicles using TPEF and SHG imaging, traditional methods were initially employed to evaluate
pertinent features during different stages. Sagittal plane sections of skin tissue, stained with
hematoxylin-eosin (HE), served as a crucial criterion for hair regeneration assessment. Figure 2(c)
shows the HE staining of sagittal plane sections at different times, while Fig. 2(d) represent the
statistical analysis of follicle length. In the CON group, follicle length increased on day 6, with a
peak observed on day 14 and day 16. Similarly, in the TES group, the increase was observed
on day 8 with a peak seen on day 16 and day 18. Nevertheless, the maximum values of follicle
length, and hair bulb diameter were lower than the corresponding values in the CON group. On
day 24, both groups returned to the telogen phase. The results of the experiment signify that the
presence of testosterone reduces follicle length, thereby leading to follicle miniaturization.

The current study utilized HE staining to identify the crucial growth stages of hair follicles, and
the results were presented in Fig. 2(e). In the TES group, the hair bulbs were located at the border
between the dermis and subcutis on day 8, corresponding to the anagen III phase, whereas new
hair growth emerged on day 14, indicating progression to the anagen VI phase. However, anagen
IIT and VI of AGA mice were found to be delayed compared to the CON group. Furthermore, the
TES group entered into catagen III and catagen V phases on day 20 and day 22, respectively,
sooner than the CON group. The hair follicles ultimately entered into the telogen phase on day
24. The growth stages were summarized based on the pathological changes at different times, and
the findings are presented in Fig. 2(f). These results illustrate that testosterone not only delays
the entry into the anagen phase of hair follicles but also shortens the anagen phase. Moreover,
this study provides a foundation for the potential non-invasive identification of different stages
during the follicle growth cycle.
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Fig. 2. Pathological changes at different stages of the hair growth cycle in AGA mice.
(a) Schematic diagram of the hair growth cycle in mice. (b) Schematic diagram of the
experimental treatment in mice. (c) HE staining images of skin sagittal plane at different
stages of the growth cycle. (d) Statistical graph of hair follicle length at different stages of
the growth cycle. (e) Typical images at different stages of the growth cycle. (f) Summary
diagram of different growth stages during the growth cycle. Compared with the CON group,
*P < 0.05, **P <0.01, ***P < 0.001.
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3.2. Changes of hair shafts during the growth cycle in AGA mice

To investigate changes in hair shafts during the growth cycle of AGA mice, we utilized TPEF
imaging to examine the shafts from the upper surface of the dermis up to a depth of 60 um.
Additionally, we collected a hair shaft that had completed a full growth cycle and analyzed it
using TPEF imaging techniques at the root, middle, and tip (Fig. 3(a)). The findings indicated
that the root of the hair shaft had a uniform fluorescence signal and diameter without melanin,
signifying it as a club hair. Conversely, the tip of the hair shaft gradually thickened from the
top, whereas the middle portion exhibited a non-uniform fluorescence signal due to pigmented
hair. These results have significant implications for the in vivo detection of essential hair shaft
regeneration characteristics across different stages of the growth cycle.

Hair shafts were examined at different time intervals using TPEF imaging, and corresponding
images and hair shaft diameters were shown in Fig. 3(b) and (c), respectively. In the control
group, hair shafts demonstrated consistent fluorescence intensity until day 8, followed by a
significant increase in thickness on day 12. It was observed that hair shafts differentiated on day
14, exhibiting a pattern of one coarse hair shaft surrounded by 2/3 fine hair shafts, which persisted
until day 18. After day 20, hair shafts gradually thinned down. On the other hand, in the TES
group, uniform fluorescence intensity was observed before day 12, differentiation was observed
on day 16 and uniform fluorescence was observed on day 24. The diameters of coarse and fine
hair shafts were compared between the two groups, and it was found that the hair shaft diameters
were lower in the TES group when compared to the CON group. Furthermore, the changes in
hair shafts observed using traditional HE staining were consistent with the findings obtained with
TPEF imaging methodology (Fig. 3(d)). In conclusion, non-invasive TPEF imaging can be used
to evaluate the effect of testosterone, and it is shown that testosterone leads to a decrease in the
diameter of newly regenerated hair shafts.

3.3. Changes of new and old hair shafts at different stages of growth cycle in mice
3.3.1. Changes of new and old hair shafts at different stages of growth cycle in normal mice

We conducted TPEF imaging to investigate changes in newly regenerated and pre-existing hair
shafts during various stages of the growth cycle in normal mice. By analyzing characteristics
such as fluorescence signal depth, thickness, and melanin presence in hair shafts within a depth of
60um, we identified the stages of the growth cycle and observed the alternating patterns between
new and pre-existing hair shafts.

On day 4, hair shafts displayed robust fluorescence signal from Opm to 40pm in the dermis,
but the signal weakened at S0um depth as a result of skin scattering, as illustrated in Fig. 4(a).
Analysis of HE-stained samples confirmed that these hair shafts were old hair shafts (Fig. 2(c)).
On day 6, two distinct categories of hair shafts were observed, with varying fluorescence signal
intensities at different depths. One category of hair shafts demonstrated the same fluorescence
signal as old hair shafts, whereas the other category had no fluorescent signal between Oum
and 40um, but revealed a faint signal at 50um depth, as demonstrated in Fig. 4(b). Based on
staining results displayed in Fig. 2(c), these hair shafts were recognized as newly regenerated
hair shafts. Literature findings suggest that hair shafts reach the location of the sebaceous gland
during anagen III [14], hence, the hair on day 6 was identified to be in anagen III stage. By
day 8, as old hair shafts progressed upwards, the signal emitted by old hair shafts weakened
significantly at around 30um depth. In contrast, the fluorescence signal of newly regenerated
hair shafts gradually increased from 20um depth, which corresponds to the position of the canal.
This pattern signified that the hair follicles were entering the anagen V phase. The results are
displayed in Fig. 4(c). On day 10, hair shafts emitted a fluorescence signal from 0 pm, and HE
staining confirmed them to be new hair shafts (Fig. 2(c)). At this point, hair shafts were emerging
onto the skin surface, indicating that the stage on day 10 was probably the anagen VI growth
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Fig. 3. Changes of the hair shafts at different stages of the growth cycle in AGA mice.
(a) Images of the hair shaft at different positions using TPEF imaging after plucking. (b)
Changes of the hair shafts at different stages of the growth cycle using TPEF imaging. (c)
Diameter of the hair shafts at different stages of the growth cycle using TPEF imaging. (d)
Changes of the hair shafts at different stages of the growth cycle using HE staining.
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phase. The results are shown in Fig. 4(d). However, from day 16 to 18, hair shafts became
thinner, suggesting that hair follicles had entered the catagen phase (Fig. 4(e)). Finally, on day
24, hair shafts in both groups lacked melanin, signifying the end of hair shaft growth and the
beginning of the telogen phase (Fig. 4(f)).

The outcomes of this study confirm that non-invasive TPEF imaging is a valuable technique
for identifying the beginning of the anagen phase, determining the duration of the anagen phase,
and estimating the timing of the catagen and telogen phases.

3.3.2. Changes of new and old hair shafts at different stages of the growth cycle in AGA mice

To better examine the changes in newly regenerated hair shafts and the rotation of new and old
hair shafts in the TES group, we compared this group’s results with those of the CON group, as
illustrated in Fig. 5(a). In the TES group, HE staining confirmed that hair shafts were old on day
6, but by day 8, a few newly regenerated hair shafts had emerged, indicating the anagen III phase.
It was observed on day 12 that new hair shafts had reached the canal, indicating that the TES
group was in its anagen V stage. By day 14, some new hair shafts had reached the surface of
the skin, indicating that the TES group was in its anagen VI phase. These findings show that
the emergence of different stages in the TES group was delayed compared to the CON group.
From days 18 to 20, hair shafts in the TES group became thinner, indicating that the hair follicles
were entering the catagen phase (Fig. 5(b)). On day 24, hair follicles in both groups entered the
telogen phase simultaneously (Fig. 5(c)). The growth stages were summarized based on TPEF
imaging at different times, and the results are shown in Fig. 5(d). Overall, these results suggest
that testosterone influences the rotation of new and old hair shafts, and it also leads to shortening
of hair shaft growth.

3.4. Change of hair follicle size during the growth cycle in AGA mice

Hair follicles exhibit distinct shapes and sizes during different stages of the growth cycle. The
structure of hair follicle comprises the outer root sheath, inner root sheath, and hair shaft,
which are enclosed by connective tissue sheath containing collagen fibers and dermal collagen
fibers. To examine variations in the fluorescence signal of collagen fibers encompassing the hair
follicles, this study utilized SHG imaging technology. Given the absence of non-centrosymmetric
symmetry structures in the hair follicle region, there is no observable fluorescence signal within
the hair follicle itself. Therefore, changes in hair follicle dimensions can be assessed on the basis
of the observed fluorescence signal in the surrounding collagen fibers.

Based on the findings presented in Fig. 6(a) and (b), the hair follicles demonstrated small
areas from day 2 to day 4. Subsequently, on day 6, some hair follicles displayed increased area
before the hair shafts grew out of the skin. From day 10 to day 18, the hair follicles in the CON
group significantly augmented in size. In contrast, in the TES group, the hair follicles exhibited
small areas before day 6, with individual hair follicles enlarging on day 8. Although the hair
follicles in the TES group increased in size from day 12 to 16, their average follicle area was
relatively smaller than that of the CON group. From day 22 to day 26, a reduction in the follicle
areas was observed in both groups. Furthermore, changes in follicle size were assessed by liquid
crystal polarizing imaging on skin tissue samples taken at various time points, and the results
aligned with those obtained through SHG imaging technology (Fig. 6(c) and (d)). The study
outcomes suggest that testosterone administration delays the emergence of enlarged hair follicles
and decreases their size, as observed by SHG imaging technology.
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Fig. 6. Changes of hair follicle size during the growth cycle in AGA mice. (a) Change of
hair follicle size detected by SHG imaging. (b) Statistical graph of hair follicle size detected
by SHG imaging. (c) Changes of hair follicle size detected by liquid crystal polarizing
imaging. (d) Statistical graph of hair follicle size detected by liquid crystal polarizing
imaging. Compared with the CON group, *P < 0.05, **P < 0.01, ***P < 0.001.
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4. Discussion and conclusions

AGA is characterized by progressive miniaturization of hair follicles and shortening of anagen
phase. AGA is mainly caused by androgen hormones, an elevated local concentration of
dihydrotestosterone (DHT). Other factors, such as UV light, pollutants and irritants have also
been found to promote AGA [42]. Under androgens and irritants, the dermal papilla of hair
follicles secrets many cytokines that can induce the anagen phase premature termination and
stimulate catagen entry [43]. Study found Bmp2/4 and Fgf18 from dermal papilla inhibit stem
cell activation [44]. However, the cyclic growth of hair follicles is driven by hair follicle stem cells.
Multiple signalling pathways are involved in the pathogenesis of AGA, such as the Wnt/B-catenin
pathway [45,46], Shh/Gli pathways [47], Notch pathway, BMP (bone morphogenetic proteins)
pathway and apoptotic pathway [48], and so on.

The hair shaft comprises the cuticle, cortex, and medulla [49]. In anagen III, the cortex and
medulla gradually develop in the newly formed hair shaft, and melanin begins to appear. During
anagen IV and V, a substantial amount of melanin is present in the hair shafts [13,14]. In the
middle to late stages of anagen, the hair canal contains at least two hair shafts: one being the
club hair from the previous telogen phase, and the other being the newly formed hair shaft [14].
During the telogen phase, the hair shafts within the skin are identified as club hairs, which are
colorless structures consisting of keratinized corneocytes at the proximal end of the hair follicle.
The hair shaft appearance location within the skin has been recognized in earlier studies as a
relevant indicator of anagen III, V, and VI. Specifically, anagen III is distinguished by the hair
shaft’s appearance at the opening of the sebaceous gland, anagen V by the tip of the hair shaft
entering the hair canal, and anagen VI by the hair shaft reaching the surface of the skin [14].

Traditional methods typically involve staining pathology samples and examining the new
hair shafts to differentiate the distinct stages of anagen. However, in this study, TPEF imaging
demonstrated robust and coherent fluorescence signals of hair shafts at varying skin depths,
suggesting that the hair shafts within the skin were old hairs/club hairs. The hair shafts gradually
emerged at the opening of the sebaceous gland, hair canal, and surface of the skin, corresponding
to anagen phases III, V, and VI, respectively. Notably, the anagen phases observed in the TES
group were significantly postponed compared to the CON group. Furthermore, TPEF imaging
indicated that the diameters of new hair shafts were relatively smaller in the TES group than
those in the CON group. By evaluating the hair shaft’s thickness and melanin presence in the
hair shaft, the catagen and telogen stages could be recognized, respectively. These study findings
suggest that TPEF imaging technology provides a vital non-invasive approach to evaluating hair
shaft regeneration and distinguishing the diverse stages of the hair growth cycle.

From a cross-sectional perspective, the hair follicle can be divided into the outer root sheath,
companion layer, inner root sheath, and hair shaft. The entire follicular epithelium is encompassed
by a connective tissue sheath derived from the mesoderm, which directly contacts the dermal
matrix predominantly composed of collagen I [50]. Earlier studies have shown that the hair
follicle’s size and structure undergo changes across different stages of the growth cycle [51,52].
These changes are fundamental to hair regeneration, but they are generally observed through
pathological tissue samples. In this study, we utilized a non-invasive SHG imaging technique
to identify changes in the fluorescence signal of collagen fibers surrounding the hair follicles
and determine variations in hair follicle size. Our results indicated that in the TES group, the
emergence of large hair follicles was postponed in comparison to the CON group. Additionally,
the duration of the large hair follicle area was shorter in the TES group than in the CON group
during the middle and late anagen and catagen stages. Therefore, through use of SHG imaging to
observe the changes in follicle size throughout the growth cycle, we can gain insights into two
crucial aspects. Firstly, it enables the assessment of whether hair follicles are entering the growth
phase before the emergence of hair shafts from the skin, providing an invaluable approach for
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early detection of hair regeneration. Secondly, SHG imaging provides a non-invasive method of
determining the effectiveness of hair growth treatments based on follicle size and duration.

TPEF and SHG imaging have been increasingly used in the study of skin and its appendages.
Compared with single-photon imaging, TPEF imaging uses two photons with longer wavelengths
(infrared spectrometry), which make stronger penetration owing to reduced light scattering
from tissues, decrease phototoxicity and photobleaching [36,53]. In this study, TPEF imaging
demonstrated different fluorescence characteristics of new hair, old hair/club hair, and identified
the different stages of growth cycle based on the emergence location, diameter, and melanin
of hair shafts, which was crucial for the pharmacodynamic assessment of hair regrowth. In
addition, SHG imaging suggested the change of hair follicle dimensions could be assessed based
on fluorescence signal from the surrounding collagen fibers. The size and duration of augmented
hair follicles throughout the entire growth cycle were important features for early determination
of hair regrowth, the thickness and length of hair. In conclusion, TPEF and SHG imaging are
crucial for determining characteristics and growth cycle stages during the process of hair follicle
regeneration. While TPEF and SHG imaging techniques have been increasingly utilized in
skin disease research, their restricted penetration depth remains a significant challenge. Despite
this limitation, it is hoped that TPEF and SHG imaging techniques can be further developed to
overcome these issues and be widely employed in future research.

Hair follicle cells, such as hair follicle stem cells, outer root sheath cells, and inner root sheath
cells, play an important role in each growth phase and hair regeneration. Previous study found
that hair regeneration depended on the activation of hair follicle stem cells [54]. Outer root sheath
cells maintained the hair follicle structure and supported the bulge area [55]. In the loose anagen
hair syndrome, irregular keratinization of the cuticle cells of the inner root sheath and a swollen
appearance of Huxley cells were found [56]. In our study, we used wild-type mice, TPEF imaging
did not observe hair follicle cells. In the future, we hope to use transgenic animals marking the
epithelial nuclei of skin, and study hair follicle cells and mechanisms of hair regeneration using
TPEF and SHG imaging.

In this study, we employed non-invasive TPEF and SHG imaging techniques to explore the
pathological changes during the different stages of the growth cycle in AGA mice by utilizing
endogenous fluorescence signals and collagen fibers as natural probes. Specifically, TPEF
imaging technology was utilized to monitor the changes in the hair shafts at various depths during
the anagen phase. Our study revealed that the emergence of new hair shafts in AGA mice was
postponed in comparison to the CON mice, and the duration of the growth period was relatively
shorter in the AGA group. Furthermore, SHG imaging enabled us to observe the impact of
testosterone on hair follicles, leading to the identification of delayed hair follicle enlargement
and hair follicle miniaturization. These critical features, coupled with the recognition of diverse
growth stages, not only offer a valuable non-invasive approach for assessing hair regeneration in
AGA mice but also provide technical support for evaluating drug-induced hair regeneration in
humans in vivo.
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